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Presenilins, Processing Minireview
of b-Amyloid Precursor Protein,
and Notch Signaling
Similar Phenotypes in presenilin and Notch Mutants
Notch genes (also called LNG genes) have been found
in a number of multicellular organisms including Dro-
sophila (Notch), C. elegans (lin-12 and glp-1), and mouse
(mNotch1-4; for reviews see Artavanis-Tsakonas et al.,
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1999; Greenwald, 1998). Though a number of moleculesSan Francisco, California 94143-0725
appear to be components or modulators of the Notch
pathway, only three components have been assigned
specific functions. Notch itself is a single-pass trans-Two seemingly unrelated avenues of research, Alzhei-
membrane receptor with large extracellular and intracel-mer's disease and developmental cell fate specification,
lular domains (Figure 1A). During receptor maturation,have intersected at the presenilin and Notch genes. Re-
Notch is cleaved in its extracellular domain by furin or acent reports bolster the idea that presenilins have a role,
furin-like convertase; the two resulting fragments remainindeed a critical role, in Notch signaling, specifically in
associated and are thought to be the form of Notch thatthe proteolytic processing of Notch.
binds ligand at the cell surface. Members of the DSLPresenilins and the b-Amyloid Precursor Protein
(Delta/Serrate/LAG-2) family are ligands for the NotchThe presenilins are proteins that contain multiple trans-
receptor, while members of the CSL family (CBF1/Sup-membrane domains, that localize primarily to the endo-
pressor of Hairless/LAG-1) are transcription factors thatplasmic reticulum and Golgi apparatus, and whose pre-
function downstream of Notch.cise function is unknown (for reviews see Selkoe, 1998;
The first suggestion that presenilins are involved inPrice et al., 1998). Human presenilin-1 and presenilin-2
the Notch pathway came with the finding in C. eleganswere identified as the genes mutated in dominant famil-
that the presenilin gene sel-12 potentiates signaling byial presenile (i.e., early onset) Alzheimer's disease (AD)
LIN-12 and GLP-1. Li and Greenwald (1997) and West-linked to chromosomes 14 and 1, respectively. Muta-
lund et al. (1999) provide evidence that the second C.tions in the Caenorhabditis elegans presenilin gene sel-
elegans presenilin gene hop-1 is genetically redundant12 were identified as recessive suppressors of a gain-
with sel-12. Li and Greenwald use the technique of RNA-of-function allele of lin-12, one of the worm Notch genes.
mediated interference to reduce hop-1 activity, whileMouse presenilins-1 and -2, another C. elegans preseni-
Westlund et al. isolated a hop-1 mutant. Both groupslin gene hop-1, and Drosophila melanogaster Presenilin
find that reduction of the function of both sel-12 andwere identified based on sequence similarity to the other
hop-1 results in phenotypes not observed with the re-
presenilins. C. elegans also has a third, divergent mem-
duction of the function of either sel-12 or hop-1 alone
ber of the presenilin family, spe-4, that is required during
(summarized in Table 1). These phenotypes are similar
spermatogenesis. to those seen with mutations in glp-1 and lin-12. With
Mutations in the mammalian presenilin genes affect the isolation of a hop-1 mutant, further analysis of the
the proteolytic processing of the b-amyloid precursor functions of sel-12 and hop-1 at the cellular level is now
protein (APP), which is cleaved to produce the amyloid possible.
b peptide (Ab), the principal component of the amyloid Struhl and Greenwald (1999) and Ye et al. (1999) report
plaques found in the brains of all AD patients (Figure 1). the isolation of mutations in Drosophila Presenilin (vari-
To produce Ab, APP is first cleaved at an extracellular ously abbreviated DPS, Dps, PS, and Psn). Both groups
site by the b-secretase activity, then at a site in the observe in their Presenilin mutants several phenotypes
transmembrane domain by the g-secretase activity. The associated with reduced Notch function (Table 1). Thus,
g-secretase cleavage can occur at one of two sites to in worms and flies loss of presenilin function results in
produce either a 40±amino acid peptide (Ab40) or a phenotypes associated with reduced Notch function.
42±amino acid peptide (Ab42). The Ab42 peptide is more While presenilin-1 knockout mice exhibit defects in tis-
likely to aggregate in vitro and is the first species to sues also affected in Notch1 knockout mice, the pheno-
accumulate as plaques in AD brains. Cultured cells and types are not identical (Table 1), possibly due to genetic
mice expressing presenilin transgenes that carry the redundancy between presenilin-1 and presenilin-2.
mutations found in familial AD display a subtle difference Altered Notch Proteolysis in presenilin Mutants
in the processing of APP: though total Ab levels are not The expression level and subcellular localization of Notch
significantly altered, more Ab42 is generated relative to are not drastically altered in neurons cultured from pre-
Ab40 in the mutants. This increased production of Ab42 senilin-1 knockout mice (De Strooper et al., 1999) or in
may be the basis for the aggressive form of AD that Drosophila Presenilin mutants (Struhl and Greenwald,
develops in individuals carrying such presenilin muta- 1999; Ye et al., 1999). Presenilin therefore appears to
tions. Cells derived from presenilin-1 knockout mice, be required for the posttranslational regulation of Notch.
in contrast, produce abnormally low levels of both Ab (The lower Notch1 and Deltalike1 levels observed in
peptides due to decreased cleavage at the g-secretase presenilin-1 knockout mice by Wong et al. [1997] could
site (De Strooper et al., 1998). be an indirect effect of decreased presenilin-1 activity
in the context of the developing mouse.) One model of
Notch signaling proposes that, upon ligand binding, the* To whom correspondence should be addressed (e-mail: ynjan@
itsa.ucsf.edu). Notch receptor is proteolytically cleaved so that the Notch
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intracellular domain (NICD) is released from the mem-
brane (Lieber et al., 1993; Struhl et al., 1993). The NICD
could then translocate to the nucleus and, along with
CSL, activate transcription of target genes.
In support of this model, Schroeter et al. (1998), work-
ing in cultured mammalian cells, had previously shown
that a constitutively active construct of mouse Notch1,
mNDE (see Figure 1A), is cleaved at a site that lies either
in or just C-terminal to its transmembrane domain. They
further found that a point mutation at this cleavage site
attenuated both the production of the NICD derived from
mNDE and the activation of a Notch-responsive reporter
construct by mNDE. This correlation suggested that cleav-
age of Notch at this site is required for its activity, though
it is possible that this cleavage is either a consequence
of Notch activation or an independent, parallel event.
Further support came from indirect in vivo Drosophila
assays of the nuclear access of the NICD (see Figure 1,
legend; Lecourtois and Schweisguth, 1998; Struhl and
Adachi, 1998). This nuclear access correlated with acti-
vation of the Notch receptor and is consistent with li-
gand-dependent processing of Notch to release the
NICD. These and additional experiments (Struhl and Ad-
achi, 1998) strongly suggested that Notch has a role in
the nucleus in vivo.
De Strooper et al. (1999) extend the analysis of mNDE
to neurons and fibroblasts cultured from the mouse pre-
senilin-1 knockout. In careful pulse-chase experiments,
they find that in presenilin-1 mutant cells the production
of the NICD from mNDE is dramatically reduced but not
completely abolished. The residual production of the
NICD could be due to the activity of presenilin-2 or
some presenilin-independent protease activity, whether
specific or nonspecific. They further find that the cleav-
age that produces the NICD from mNDE has the same
Figure 1. Cleavage Sites of APP and Notch and Constructs Used profile of sensitivity/resistance to a panel of protease
in the Experiments Described inhibitors as the g-secretase cleavage of APP. The au-
The b-amyloid peptide (Ab) is produced by proteolytic cleavage of thors conclude that APP and Notch are cleaved by simi-
the b-amyloid precursor protein (APP). Full-length Notch is cleaved
lar, if not identical, presenilin-dependent proteases andto produce two fragments that remain associated at the cell surface.
warn that g-secretase inhibitors designed to preventNDECN (Ye et al., 1999), NECN-GV3 (Struhl and Greenwald, 1999), and
formation of Ab in humans may produce unwanted sidemNDE (De Strooper et al., 1999) are deleted for most of the extracel-
lular domain. mNDE is based on mNotch1 and has the C terminus, effects due to their effects on Notch processing. Impor-
which is dispensable for signaling, replaced by six myc tags. The tant future experiments include determining whether
N-GV3 series of constructs (Struhl and Greenwald, 1999) contain Notch constructs can activate transcription in pre-
an insertion of Gal4/VP16 (the DNA-binding domain of the yeast
senilin-1 mutant cells or in cells treated with g-secretasetranscription factor Gal4p and the transcriptional activation domain
inhibitors, and testing whether the processing defectsof the viral protein VP16) at a site just C-terminal to the transmem-
brane domain. In the Drosophila in vivo assay (Struhl and Adachi, in presenilin-1 mutant cells can be rescued by wild-type
1998; Struhl and Greenwald, 1999), nuclear access of the Notch or mutant presenilins.
intracellular domain derived from these constructs results in nuclear Ye et al. (1999) analyze the processing of endogenous
access of Gal4/VP16 and transcription of a reporter gene carrying
Notch on Western immunoblots of Drosophila larval ex-binding sites for Gal4p. EGF, epidermal growth factor-like repeats;
tracts with an antibody that recognizes the C terminusLN, LIN-12/Notch repeats; CDC-10, Cdc10p/ankyrin repeats; opa,
opa polyglutamine region. of Notch. In addition to an z300 kDa band that corre-
(B) Proposed sites of cleavage of Notch and APP. APP can be sponds to full-length Notch, they observe several bands
cleaved at extracellular sites by the a- and b-secretase activities; that migrate around 120 kDa. These bands migrate too
these cleavages are mutually exclusive. The C-terminal products of
these cleavages are further cleaved at a transmembrane site by the
g-secretase activity. Successive cleavage of APP by the b- and
g-secretases produces the Ab peptide. Full-length Notch is cleaved
at an extracellular site by furin or a furin-like convertase during site of APP and at the transmembrane/intracellular site of Notch.
receptor maturation. Notch can be further cleaved at a site that lies Ligand binding has also been proposed to induce cleavage(s) of
either in or just C-terminal to the transmembrane domain by an Notch in its extracellular domain (distinct from the cleavage cata-
activity that resembles the g-secretase activity that cleaves APP. lyzed by furin; Logeat et al., 1998). One of the proposals of Ye et
This cleavage appears to require ligand binding. Absence of pre- al. (1999) is that Presenilin might be required for one or more of
senilin function decreases the rate of cleavage at the g-secretase these cleavage events.
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Table 1. Summary of presenilin and Notch Mutant Phenotypes
Presenilin Gene Mutant Phenotype (Nature of Mutation) Notch Gene Mutant Phenotype (Nature of Mutation)
Homo sapiens
presenilin-1 early onset AD (?) hNotch1 T cell acute lymphoblastic leukemia (GOF)
presenilin-2 early onset AD (?) hNotch2
hNotch3 CADASIL (?)
hNotch4
Mus musculus
presenilin-1 somitogenesis defects, fewer neural mNotch1 somitogenesis defects, extra neural precursors (KO)
precursors (KO)
presenilin-2 (no mutants reported) mNotch2 (no mutants reported)
mNotch3 (no mutants reported)
mNotch4 mammary tumor (GOF)
Drosophila melanogaster
Presenilin extra neural precursors, expanded wing Notch extra neural precursors, expanded wing vein
vein tissue, defects in wing margin tissue, defects in wing margin formation and
formation and embryonic midline embryonic midline specification, and many
specification (LOF) other defects (LOF)
Caenorhabditis elegans
sel-12 egg-laying defect (LOF) lin-12 VU to AC transformation, protruding vulva (LOF)
hop-1 modest, cold-sensitive reduction in
fertility (deletion allele) glp-1 impaired proliferation of germ cells, resulting in
reduced sperm and no oocytes; early embryonic
cell fate transformations resulting in missing
intestinal valve cells and anterior pharynx (LOF)
spe-4 improper localization of subcellular
structures during spermatogenesis
(LOF)
sel-12 hop-1 VU to AC transformation, protruding
vulva, missing intestinal valve cells
(hop-1 deletion allele); missing rectum
and excretory cell (hop-1 RNAi);
reduced sperm, no oocytes, missing
anterior pharynx (both)
lin-12 glp-1 above phenotypes, and early embryonic cell fate
transformations resulting in missing rectum
and excretory cell (double LOF)
The nature of the presenilin mutations that cause AD and of the Notch3 mutations that cause CADASIL is unclear. AD, Alzheimer's disease;
CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; KO, knockout mutation; GOF, gain-
of-function mutation; LOF, loss-of-function mutation; VU, ventral uterine precursor cell; AC, anchor cell.
slowly to represent the NICD and most likely correspond Drosophila Notch (see Figure 1A): one derived from full-
length Notch (N1-GV3), one that contains the trans-to the C-terminal products of the cleavage of Notch by
the furin-like convertase; the small differences in the membrane and intracellular domains (NECN-GV3), and one
that contains the intracellular domain only (Nintra-GV3).mobilities of these bands could be due to different sites
of cleavage or some additional posttranslational modifi- They find that activation of a reporter by N1-GV3 and
NECN-GV3 does not occur in Presenilin mutant embryos,cation. The relative intensities of these bands are altered
in Presenilin mutants: the slowest migrating band is the while activation by Nintra-GV3 is not affected. They con-
clude that Presenilin is required for the nuclear accessmost intense in Presenilin mutants while a faster migrat-
ing band is the most intense in wild-type extracts. Since only of forms of Notch that contain a transmembrane
domain, consistent with the conclusion of De Strooperthe nature of these different bands is unknown, it is
difficult to assess the significance of these differences. et al. that presenilin is required for the cleavage to pro-
duce the NICD.Their results nevertheless suggest that Presenilin func-
tion is required for events other than just the cleavage In light of the previously described results that sug-
gest that presenilin is required for the cleavage to re-to produce the NICD.
The results of Ye et al. cannot be directly compared lease the NICD and for the nuclear access of the NICD,
one result reported by Ye et al. is surprising. They useto those of De Strooper et al. (1999) because the NICD
is present at levels too low to detect on Western blots a construct similar to NECN-GV3, called NDECN (see Figure
1A). Expression of NDECN causes a loss of neural precur-of Drosophila extracts (Kidd et al., 1998). The NICD can
be visualized, however, with a prior enrichment step of sor cells in imaginal wing discs of wild-type as well as
Presenilin mutant larvae. Thus, the NDECN construct iscoimmunoprecipitation with the CSL protein Suppres-
sor of Hairless (Kidd et al., 1998). Addition of this enrich- active even in the absence of Presenilin.
There are a number of possible explanations for thement step in future experiments may allow the direct
assessment of NICD production in vivo in Presenilin apparent discrepancy between the results of Ye et al.
and of Struhl and Greenwald. Most provocative is thatmutant Drosophila.
Struhl and Greenwald (1999) employ the in vivo Dro- Notch signaling can occur in the absence of nuclear
access of Notch; this would contradict the predictionsophila assay to assess the nuclear access of Notch in
Presenilin mutants. They use three constructs based on of the previously described model that nuclear access
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of Notch is strictly required for Notch activity. Another Inhibitors of endocytosis partially block the processing
of APP by g-secretase in cultured cells. shibire, whichis that the different activated Notch constructs have
different requirements for Presenilin. The constructs encodes the Drosophila dynamin small GTPase and is
required for endocytosis, appears to be required forhave some small differences and as a result might mimic
different intermediates in the activation of Notch. There activation of Notch upon ligand binding (Seugnet et al.,
1997). Trafficking of APP and Notch could regulate ac-are other, less likely possibilities, and strictly technical
reasons for the different results are certainly possible. cessibility to their protease(s). Hence, determining the
subcellular compartments for various processing eventsSystematic testing of the various Notch constructs in
the various assays employed should help to distinguish may contribute importantly to understanding the events
in Notch signaling and Ab production as well as theiramong these possibilities.
Possible Functions of Presenilin regulation.
The normal function of the presenilins is still elusive,Given the evidence that presenilin is required for pro-
cessing of Notch and APP at transmembrane sites, there and many other questions remain to be answered. How
do the mutations associated with AD affect presenilinare a number of possibilities for the function of prese-
nilin. One is that presenilin is required for the proper function? What is the extent of overlap between the
Notch and APP processing machineries? Other genestrafficking of Notch and APP to their protease(s), which
may reside in an intracellular compartment. Another is implicated in the Notch pathway might also have a role
in APP processing. Are Notch and APP the only mole-that presenilin is required for the proper biogenesis or
trafficking of the g-secretase. Another is that presenilin cules that require presenilins for proteolysis? A careful
analysis of the phenotypes of presenilin mutants mayis an essential cofactor for g-secretase, and yet another
is that presenilin itself is g-secretase. The current data reveal defects not found in Notch mutants. By unraveling
the connection between Notch and the presenilins, re-cannot distinguish among these possible functions.
Wolfe et al. (1999) favor the idea that presenilin is searchers may find answers to long-standing questions
regarding both Notch signaling and the pathogenesisitself g-secretase. They focus on two transmembrane
aspartate residues conserved in all known presenilins. of Alzheimer's disease.
Expression in cultured cells of presenilin constructs in
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